The nature of the small iron-oxo oligomers in iron-(III) aqueous solutions has a determining effect on the chemical processes that govern the formation of nanoparticles in the aqueous phase. Using liquid-jet photoelectron spectroscopy the electronic structures of the occurring iron-oxo oligomeric seeds are measured. Seeds are produced by adding NaOH to 0.75 M FeCl 3 aqueous solution. At small enough NaOH concentrations, corresponding to [OH]/[Fe] = 0.2-0.25 ratios, the seeds can be stabilized for several hours without engaging in further aggregation.
Introduction
Iron-(III)-based oxides, oxohydroxides, and hydroxides (short iron-(III) oxides) are among the most important environmental metal compounds, playing a major role in biological processes and technology. In nature, these metal oxides assist in controlling the pH of surface-, ground-, and sea water, and also influence microbiological activity or sorption of nutrients and trace elements. [1] [2] [3] [4] [5] [6] Technological applications are diverse, and include utilization in medicine, 7 magnetic storage, 8, 9 sensing, [10] [11] [12] as well as catalysis. 13, 14 Given their wide impact iron oxides have been intensively studied experimentally and theoretically, with focus on both the transformation of atomic Fe 3+ into Fe n O x H y oligomers (here referred to as seeds) in aqueous solution, and on the characterization of the solid-phase aggregates and crystals (referred to as particles) which form upon subsequent agglomeration. At very low pH the dominant iron complex in and other monomeric iron complexes including the anions of the salt that is being used, mostly FeCl 3 or Fe(NO 3 ) 3 . Nucleation is initiated by neutralization upon addition of OH À molecules that bind with Fe 3+ ions. The thus formed iron-hydroxyl monomers diffuse, and form dimers and probably larger oligomers, which at large enough OH À concentration aggregate into ironpolymeric seeds. [15] [16] [17] [18] Any of these processes can be controlled by the [OH]/[Fe] ratio (=h, following the notation in ref. 19) , which depends on the base that is used, typically NaOH or the weaker base NaHCO 3 , and on the concentration of the iron salt. The solid-phase products, forming for h 4 0.5 in iron aqueous solutions, have been exhaustively studied to explore structure, size, and morphology. 15, 16, [18] [19] [20] [21] [22] [23] [24] [25] Experimental methods applied include titration, UV-vis spectroscopy, 26, 27 wide-and small-angle X-ray scattering (WAXS and SAXS), 19, 28, 29 X-ray absorption (XA) spectroscopy, 19, 20, 23, 24, 26, [29] [30] [31] [32] and electron microscopy. 33 In the case of FeCl 3 aqueous solutions, the different experiments find that akaganeite (b-FeOOH) forms, for h 4 0.5. 1, 25, 34 Chloride ions were concluded to have a structure-driving effect during formation of akaganeite, 20, [35] [36] [37] [38] and yet the exact mechanism remains to be resolved. One likely scenario is that the Cl À ion is incorporated into the structure at the stage of polynuclear complex formation, and is released when larger aggregates form. 38 Another work assigns Cl À to defined positions in the mono-and polynuclear complexes. 20, 24, 39 With further polymerization edge-and corner-sharing clusters, stabilized by Cl À , were
proposed. Eventually, cylindrically-shaped akaganeite seeds form, possibly stabilized by Cl À in the inner coordination spheres. At yet further advanced aggregation more complex shapes are adopted, with only little amount of Cl À in the very vicinity of iron. These observations are in agreement with very recent molecular dynamics simulations exploring counter-ion specific effects.
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Cl À is suggested to accommodate in the first solvation shell, thereby favoring a chain-like polymeric structure during condensation reactions. In the absence of Cl À -iron interactions, on the other hand, ring-like structures are favored.
Unlike the formation of particles, our understanding of the transformation of monomeric Fe-oxohydroxy species in FeCl 3 aqueous solution, occurring for h o 0.5, is surprisingly poor. In fact, there is not even an unequivocal experimental evidence for the existence of iron oligomers larger than the dimer, although the occurrence of trimers has been suggested. 16, 18, 20, 31, 32 The uncertainty regarding the existence of the larger oligomers is due to the different experimental conditions that have been applied to probing the liquid solutions. Early X-ray absorption spectroscopy measurements were conducted from freeze-dried FeCl 3 Based on their computations the authors speculate that there could be also a significant concentration of iron trimers during hydrolysis, but as noted above there is no unambiguous experimental evidence. A similar conclusion has been drawn from a combined X-ray (again in situ), UV-vis, and Mössbauer-spectroscopy study on the precipitation pathways for ferrihydrite formation in acidic solution from iron nitrate. 19 The authors have
shown that iron exists mainly as monomer, m-oxo aqua dimers, and the solid ferrihydrite. Again, no larger iron-oxo oligomers were detected, suggesting the reconfiguration of the m-oxo dimer structure prior to further nucleation. Up to this point we have not accounted for the lifetimes of the iron-oxo oligomers which may be too short for these species to be detected with the aforementioned experimental techniques that probe minutes or hours after solution preparation. In a theoretical molecular dynamics simulation of iron solutions the reactions beyond dimer formation were indeed found to happen in just tens of picoseconds. 18 41, 42 In the present study, we measured soft-X-ray photoelectron (PE) spectra from a liquid microjet to determine the electronic structure of the iron-oxo species in FeCl 3 aqueous solution, for h o 0.5. That is, unlike most previous X-ray studies, experiments are conducted directly from the aqueous solution rather than from dried phase. Furthermore, we here detect emitted electrons rather than transmitted or scattered X-rays. This is also the first X-ray (photoemission) study detecting signal from iron-oxo oligomers at the oxygen 1s edge.
Measurements were performed for non-resonant and resonant photon energies, where the latter refers to excitations at the oxygen 1s (near 530 eV photon energy) and Fe 2p (near 705 eV) edges, respectively. This is also different from any previous works, reporting Fe 1s-edge transmission XA spectra, and more importantly, in measuring photoelectron spectra also from oxygen complementary important spectroscopic information is obtained. By integration of the signal of the resonant photoelectron (RPE) spectra we generate the so-called partial-electron-yield X-ray absorption (PEY-XA) spectra. To first approximation these spectra are a good representation of the actual X-ray absorption which would be accurately measured in X-ray transmission, 43 and the assumption is that the absorption is proportional to the number of emitted Auger electrons. 43 By comparing PEY-XA spectra from the partially hydrolyzed solutions with the spectrum from Fe 3+ (aq), obtained from the FeCl 3 solution with no OH À added, we unequivocally determine the X-ray absorption of the iron-oxo oligomers. Yet, more important, from the respective RPE spectra we directly identify the valence orbitals, and their mixed iron-oxygen character, which are responsible for the absorption. To support our interpretation of the PE and the PEY-XA spectra we also conducted Raman and small-angle X-ray scattering (SAXS) measurements from the same aqueous solutions. Raman spectra are compared with reported spectra from well characterized iron-oxide phases to identify and assign structure motifs of the oligomers. SAXS, on the other hand is used to detect particles, and most important for this study the h ratio at which small particles begin to form can be determined. Table SI-1 (ESI †) . For the photoelectron-spectroscopy experiments 100 ml solutions were prepared, whereas for Raman and SAXS measurements 5 ml were sufficient. For each aqueous solution, i.e., for each h, the pH was measured for different (aging) times, 15 min, 1 h, and 24 h, after preparation. We used an InLab Semi-Micro-L pH electrode (Mettler Toledo, Gießen, Germany) which was calibrated with buffer solutions of pH 2.00, 4.01 and 7.00.
Experimental

Preparation of iron aqueous solutions
Photoelectron spectroscopy measurements
Photoelectron spectroscopy measurements were performed at the U49/2-PGM-1 soft-X-ray undulator beamline at the synchrotron radiation facility BESSY II in Berlin, Germany. The liquid microjet with a diameter of 24 mm was injected into the vacuum chamber from a fused-silica nozzle. The jet velocity was approximately 40 ms
À1
, and the jet temperature was kept at 8 1C. Details of the liquid microjet technique and of the experimental setup have been described previously. [44] [45] [46] The energy resolution of the U49/2-PGM-1 beamline was better than 250 meV at 530 eV photon energy used for the oxygen O 1s resonant valence PE measurements, and B380 meV at 710 eV photon energy needed for the PE measurements at the Fe 2p 3/2 absorption edge. This beamline provides a suitably small focal size of 20 Â 80 mm 2 at high photon flux, assuring that the (water) gas-phase signal contribution to the total (photo)electron signal is much smaller than the signal from aqueous phase. The energy resolution of the hemispherical electron analyzer, B250 meV at 30 eV pass energy, was constant with kinetic energy (KE). Oxygen 1s resonant spectra were calibrated with reference to the water valence 1b 1 peak, which is 11.31 eV binding energy, and Fe 2p 3/2 resonant spectra were calibrated against the O 1s binding energy of water, which is 538.1 eV.
47,48
Raman spectroscopy measurements
Raman spectra were collected for aqueous solutions in the range of 0.0 r h r 2.5. Measurements were performed with a LabRam HR800 spectrometer (Horiba Jobin Yvon, Bensheim, Germany), equipped with a 633 nm HeNe laser (Horiba Jobin Yvon, Bensheim, Germany), a 300 lines per mm grating, and a BX41 microscope (Olympus, Hamburg, Germany). The backscattered Raman light was collected by a liquid nitrogen-cooled CCD detector (1024 Â 256 pixels, Horiba). Using a 60Â immersion objective, the laser intensity at the liquid sample was 5.09 Â 10 5 W cm
À2
. Reported Raman spectra are averages of five sweeps, each recorded with an acquisition time of 10 s. All measurements were performed 1 h after solution preparation.
Small-angle X-ray scattering measurements
Scattering curves were measured for 0.05 r h r 1 using a laboratory SAXS instrument (SAXSess, Anton Paar, Graz, Austria), equipped with a sealed X-ray tube (Cu anode target, l = 1.5406 Å). A flow-quartz capillary with a thickness of 1 mm was used as sample holder. SAXS data from the hydrolyzed solutions are presented with the spectrum measured for h = 0 subtracted and were corrected for the slit smearing effect. Data were fitted to scattering curves within a cylinder model and a Schulz distribution for the radius, using the SANS Analysis_v3.00 tool implemented in the software package IGOR PRO. 49 More information about the fitting model can be found in the ESI. †
Results and discussion
We first present the evolution of pH as function of both h and time. This is followed by a presentation and discussion of the various photoemission spectra, i.e., on-and off-resonant valence PE spectra, and the resulting PEY-XA spectra. We then show results from Raman and SAXS measurements, and discuss the complementary information one obtains on the structure of the iron-oxo oligomers and their aggregation.
pH dependence on h and aging time
The from condensation reactions of iron monomers or from deprotonation reactions of the clusters. From our discussion of the pH behavior we then expect to detect iron-oxo oligomers at the transition from region I to II, i.e., in a regime where particles are yet absent, and the concentration of the seeds being probably largest.
Photoemission spectra from solutions
Oxygen-1s resonant PE spectra and PEY-XA spectra. Fig. 2A presents partial electron yield X-ray absorption (PEY-XA) spectra at the oxygen 1s edge, covering the 527-547 eV photon energy range, from 0.75 M FeCl 3 solutions for h = 0, 0.15, 0.25, 0.35, and 0.5. For comparison, PEY-XA spectra are also shown from neat liquid water as well as from 35% NaOH aqueous solution. The spectra are obtained by integration of the respective valence resonant photoemission signal intensities in the 470-530 eV kinetic-energy range; a given PEY-XA spectrum thus results from the intensity changes among the RPE spectra. 50 More precisely, the signal due to emission of Auger electrons that overlaps with the valence photoelectron spectrum (at resonance) is approximately proportional to the X-ray absorption. 43 But more interesting is the fact that the intensity of photoelectron peaks that correspond to the ionization of a given orbital can get enhanced due to the interference of Auger electron and direct photoelectron channels. By such a signal enhancement we can then identify the overlap of orbitals (or electron delocalization) 50, 51 from the oligomers and water, and obtain valuable insight into electronic-structure interactions.
From Fig. 2A we see that the PEY-XA spectra from the iron aqueous solutions are very similar to the neat-water XA spectrum with its characteristic pre-edge at 535.0 eV, main edge (538.0 eV), and post-edge (541.0 eV). 52 The most important, although very small spectral difference though is the intensity growing in near 529.5 eV (referred to as peak a), which is well Fig. 2 (A) Oxygen 1s PEY-XA spectra from FeCl 3 solutions for h = 0, 0.15, 0.25, 0.35, 0.5. For comparison, spectra from neat water (in blue) and from a 35 wt% NaOH aqueous solution (in green) are also presented. The low-energy shoulder on the 535 eV pre-peak visible in all spectra is due to gas-phase water. The inset shows an enlarged view of the spectral region of a centered at 529.5 eV photon energy. (B) Resonant valence PE spectra measured at 529.5 eV from the same 0.75 M FeCl 3 aqueous solutions, 0 r h r 0.5, as in (A). Spectra were energy-calibrated with the help of the 1b 1 energy of water, and intensities are displayed such that the height of the Cl À 3p peak at 9.6 eV binding energy is the same. The reference spectrum from the h = 0 solution (in blue at bottom) is reproduced in all traces to highlight the spectral differences as a function of h (blue-shaded areas). The sketch at left indicates the formation of the iron-oxo oligomers with increasing h.
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below the water XA onset; an enlarged view of this spectral region is presented in the inset of Fig. 2A . Absorption a clearly arises from some iron-oxide species. Spectral contribution from OH À (aq) can be ruled out; the lowest-energy absorption for the NaOH aqueous solution (in green) is at 532.5 eV. We also note that the first-hydration-shell water molecules in (Fe(H 2 O) 6 ) 3+ (aq) absorb at considerably larger energy than a, at 531.0 eV. 53 Another important observation from the inset in Fig. 2A is that peak a only exists in a small h window, exhibiting maximum intensity at h = 0.25. With reference to Fig. 1 , this is exactly the ratio at which the transition from time-independent to timedependent behavior of pH (going from I to II) is observed. In Section 3.1 we have argued that this is the region where the oxooligomers have not yet aggregated to form particles. Up to this point we have solely evaluated the O 1s PEY-XA spectra without aid of the respective RPE spectra. As aforementioned the PEY-XA spectra are proportional to the emitted Auger-electron intensities at resonance, but there is an additional signal contribution which manifests in an intensity increase of certain binding energy features in the RPE spectra. These are fingerprints of oxygen-iron orbital mixing 43 which we will explain when presenting the RPE spectra measured at the photon energy 529.5 eV, corresponding to absorption a. Results are shown in Fig. 2B for the same solutions, i.e. same h ratios, as in Fig. 2A . The bottom spectrum (in blue) is essentially the valence PE spectrum of neat liquid water with its four valence orbitals, 1b 1 (11.31 eV binding energy), 3a 1 (13.5 eV BE), 1b 2 (17.5 eV BE), and 2a 1 (30.5 eV BE). 47, 54 Contributions from FeCl 3 are small; the only noticeable signal is the Cl À 3p doublet at 9.6 eV. [55] [56] [57] [58] The small electron signal from Fe 3+ 3d ionization is partially hidden underneath the 1b 1 peak of water. 59, 60 When increasing the OH À concentration to yield h = 0.15 one observes the appearance of a broad spectral feature in the 17-27 eV BE range. The largest intensity increase occurs at 21 eV BE, labeled a 0 in the figure. This spectral region can be assigned to O 1s spectator Auger decay, and refers to the promotion of an O 1s electron (at 529.5 eV excitation energy) of an iron-oxo oligomer to an unoccupied molecular state below the vacuum level. The O 1s core-hole is subsequently refilled by a valence electron within the few-femtoseconds lifetime, and the released energy is used to eject another valence electron into vacuum. 61, 62 To further characterize the iron-oxide oligomers that give rise to XA-peak a, and which are also responsible for PE peak a 0 we need to also investigate the iron resonances. Here, we are particularly interested in a signature of a 0 , associated with oxygen-iron mixed orbitals.
Iron-2p resonant PE spectra and PEY-XA spectra. Fig. 3A presents PEY-XA spectra at the iron 2p edge (only 2p 3/2 was measured) from the same solutions for which O 1s spectra ( Fig. 2A and B) have been recorded. The spectrum from the h = 0 solution (in blue) is reproduced in each tier so that the spectral changes become more visible. Spectra were obtained by signal integration of the (valence) resonant PE spectrum measured at the respective photon energy, varied here from 706.5 to 717.0 eV. The integration range of the RPE spectra was 6-43 eV BE (equivalent to B660-700 eV KE) which covers the region of the 2p-3d3d Auger-electron emission. All XA spectra exhibit the double-peak structure characteristic of Fe 3+ , i.e., a smaller pre-peak near 708.9 eV and main peak at 710.7 eV photon energy. These absorptions result from the excitation of an Fe 2p 3/2 electron into the t 2g and e g valence levels, respectively, of the octahedrally coordinated iron cation. 50, 63, 64 The intensity giving rise to the asymmetric shoulder near 712 eV photon energy is commonly attributed to charge-transfer states Fig. 3 (A) Partial electron yield X-ray absorption spectra at the iron 2p 3/2 . The h = 0 XA spectrum is reproduced in each tier for h a 0. Again, spectral differences are highlighted in blue. The inset displays the actual differential spectrum for h = 0.25; b is the maximum of this absorption band. (B) RPE spectrum for h = 0.25 solution, measured at 709.6 eV excitation photon energy (maximum of the main absorption band in Fig. 3A) . In blue the RPE spectrum for h = 0 is shown.
between the iron and the ligand; 50, 65 for h = 0 the ligands are the hydration water molecules. As seen in Fig. 3A , the most noticeable spectral change as a function of h is a signal increase occurring between 709.0 and 710.4 eV excitation energy. The difference spectrum, h = 0.25 solution minus h = 0 solution, presented in the inset of Fig. 3A , reveals an absorption band (labeled b) with a maximum at 709.6 eV. Absorption b is largest for h = 0.25-0.35 which is the same range where we find the O 1s absorption, a, suggesting that iron absorption b originates from the same species.
To demonstrate that this is indeed the case we next explore the iron 2p RPE spectra. Fig. 3B presents the 709.6 eV (absorption b 0 ) RPE spectra for h = 0.25 and h = 0, respectively. The important observation is a slightly larger signal intensity near 20 eV BE for the former solution. This feature is similarly broad and is also located at the very similar binding energy as a 0 in the O 1s RPE spectra which not only confirms that O 1s and Fe 2p spectroscopies probe the same iron-oxo species, it also reveals the hybridization between iron and oxygen orbitals. Structure information is revealed from our Raman measurements discussed next. 66, 67 The 320 cm À1 band is generally assigned to Fe-Cl stretching vibrations, 66, 68, 69 and the shoulder at 440-480 cm À1 is due to the Fe-OH 2 stretch. 66 The broad band at 1650 cm À1 corresponds to the water n 2 bending vibration. 67, 70 In contrast, Raman spectra measured at the large ratio h = 2.5 exhibit additional bands characteristic for akaganeite, at 395 (Fe-OH), 550 and 720 cm À1 (FeOOH). 69 Furthermore, the occurrence of a band at 866 cm À1 with maximum intensity near h = 0.25 can be probably assigned to Fe-O-Fe motifs in dinuclear complexes. 68, 71 A compilation of the significant Raman bands observed here, and their assignments are given in Table SI 
Raman measurements
SAXS measurements
To evaluate the onset of particle formation SAXS measurements were performed for 0. 
Conclusions
We have reported the very first photoelectron spectra from iron-oxo oligomers that form upon hydrolysis in iron aqueous solutions, demonstrated here for FeCl 3 (aq) with various amounts of NaOH added. The main experimental advances of the present work compared to previous X-ray studies are: (i) iron-oxo species are directly probed in aqueous solutions, for the most relevant [OH]/[Fe] ratios h = 0-0.5, using the liquid-microjet technique; (ii) valence electron binding energies have been determined, both the lowest-ionization energy of the aqueous-phase iron-oxo species, and of deeper valence energies; (iii) from a combination of nonresonant and resonant photoelectron spectroscopy, and by probing both the oxygen (1s) and the iron (2p) edges mixed iron-oxygen orbital characters are identified; (iv) X-ray absorption spectra based on partial-electron-yield detection reveal distinct absorptions of the iron-oxo oligomers, at 529 eV for O 1s, and at 709 eV for the Fe 2p resonance. An important future step would be to perform theoretical calculations of the h = 0.25 XA spectrum for several appropriately guessed oligomeric structures, and find the best match between experiment and theory. Furthermore, to narrow down the search for structures we are preparing to apply ion mobility-mass spectrometry in conjunction with soft-condition electrospray. 72 In addition to the electronic-structure determination of the ironoxo oligomers we have conducted complementary Raman and SAXS measurements. We summarize our results with Fig. 4 which presents the main and most important trends, revealed from the different experimental methods; here we also include pH measurements. Our focus stays on the [OH]/[Fe] = h = 0-0.5 which covers the range where the iron-oxo oligomers are stabilized without engaging in further aggregation. One can immediately see from Fig. 4 that a given observable exhibits a discontinuous behavior at h = 0.25, which in all cases can be attributed to the occurrence of the oligomers. The photoelectron signal (B), of both oxygen and iron, exists only within a small range of h, implying that at larger OH À concentrations the oligomers are consumed by aggregation. This is fully confirmed by the pH (A), Raman (C), and SAXS (D) data. Briefly, the linear behavior of pH near h = 0.25 is an indication of continuous hydrolysis and hence formation of iron-oxo oligomers. Departure from linearity is due to OH À molecules reacting with H 2 O molecules, and for large enough h pH trends can be explained by aggregation. The oligomerto-particle transition is nicely corroborated by the Raman spectra which exhibit Fe-O and Fe-O-Fe bands characteristic for the small oligomers. At h 4 0.25, the intensity of these bands decreases on the expense of bands typical for akaganeite. Furthermore, the exclusive existence of small oligomers, i.e., the absence of particles in the h o 0.3 solutions is confirmed by our SAXS measurements. The present study demonstrates the large potential of liquidmicrojet photoelectron spectroscopy for detecting the electronic structure of the initial hydrolysis products that govern subsequent nucleation and aggregation processes. Our work lays the ground for similar experiments to characterize the growth processes in other solutions, for instance Al 3+ (aq). Equally important, we expect that the newly accessible experimental information initiates theoretical calculations, particularly of the X-ray spectra from small metal-oxo oligomers in water.
Conflicts of interest
There are no conflicts to declare.
